ABSTRACT Human granulocytes (polymorphonuclear leukocytes) exposed to surface stimuli [e.g., immune complexes, concanavalin A (Con A)] generate°2--, undergo a respiratory burst, and secrete lysosomal enzymes. To study the earliest reaction of ligands with surface receptors of granulocytes, purified cells were exposed to bovine serum albumin-anti-albumin complexes (Fc receptors) MATERIALS AND METHODS Preparation of PMN Suspensions. PMN suspensions containing 98 + 1% PMN were prepared from heparinized venous blood (10 units of heparin per ml of blood) obtained from healthy adult donors. Standard techniques (Hypaque/Ficoll gradients) were used (19) followed by dextran sedimentation and hypotonic lysis. The cells were suspended in Krebs-Ringer pH 7.45 phosphate buffer (KRP; Na+, 149 mM; K+, 4.8 mM;
immune complexes was stimulated by Ca2+ whereas A; remained unchanged; lack of Ca2+ in the medium did not inhibit the AA response. Dissociation of membrane hyperpolarization from subsequent metabolic responses (O2 generation) was also found in the presence of steroids (hydrocortisone, methylprednisolone), which inhibited 02 generation but did not inhibit the vA0 response to antigen-antibody complex. Because°2-O generation could be stimulated (Ca2+) or depressed (steroids) without affecting Asp, the data suggest that AO is involved in primary triggering of phagocytic cells and that metabolic stimulation is a secondary consequence of ligand-receptor interactions.
Polymorphonuclear leukocytes (PMNs) respond to various particulate and soluble stimuli by generation of 02'-, microtubule assembly, cellular contraction, degranulation, and enzyme secretion. This sequence of events, in which ligandreceptor interactions signal rapid cellular rearrangements designed to eliminate foreign invaders, is initiated at the level of the plasma membrane (1) . Because a membrane potential (A21) has been demonstrated in nonexcitable cells, as well as in nerve and muscle, it was considered possible that changes in membrane potential could antecede other responses of the PMN, such as 02--generation which is only detected after a "lag" period of 30-42 sec (1) . Membrane potential changes associated with receptor-ligand interaction have been demonstrated in other cell types. Responses of parotid acinar cells to epinephrine (2) , pancreatic acinar cells to acetylcholine (3), adrenal chromaffin cells to acetylcholine (4), skeletal muscle (5) and white adipose tissue to insulin (6) , and macrophages to chemotactic peptides (7) have been reported. PMN are too small for the direct measurement of membrane potential by microelectrodes; we have therefore measured membrane potential indirectly by use of the lipid-soluble cation triphenylmethyl phosphonium ion (TPMP+). This cation distributes itself across the cell membrane in accordance with the The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 3818 membrane potential (8, 9) . The distribution of TPMP+ has been used to monitor membrane potentials in thyroid cells (10) , lymphocytes (11), Escherichla colt (12) , E. coil membrane vesicles (13) , and lymphocyte membrane vesicles (14) . Superoxide anion is generated at the cell surface (15, 16) by pyridine nucleotide-dependent enzyme(s) in response to particles. Among these are immune complexes, which also interact with Fc receptors to launch phagocytosis (17) , a burst of C-1 oxidation (18) , and secretion of lysosomal enzymes (18) . Soluble stimuli such as concanavalin A (Con A) similarly interact with surface glycoproteins to initiate 02-generation and secretion of lysozyme (15) Mtg/ml in 0.1% dimethyl sulfoxide) and 75MM horse heart ferricytochrome c (type III, Sigma) for 10 min at 37°. Reference cuvettes contained, in addition, 10 ,ug of superoxide dismutase (Truett Laboratories). Con A (30,ug) , Ab/Ag (300,Mg of protein), or Con A plus a-methyl-D>mannoside (20 mM) was added at zero time and the reduction of cytochrome c was monitored continuously at 550 nm in a Beckman model 25. 02--generation, expressed as nmol of cytochrome c reduced per mg of protein, was calculated by using an absorbance coefficient of 21.1 mM-1 cm-1 at 550 nm (reduced-oxidized). Protein was determined by the method of Lowry et al. (20) .
RESULTS
Measurement of Membrane Potential. The time course of TPMP+ uptake is shown in Fig. 1 . After approximately 60 min, cell-associated TPMP+ reached a plateau. Gramicidin caused a large depolarization of the cells, whether added at zero time (Fig. 1A) or after TPMP+ equilibration (results not shown). The protonophore carbonyl cyanide-m-chlorophenyl hydrazone caused only a small depolarization, indicating that the TPMP+ uptake is not due primarily to mitochondria. The difference in TPMP+ uptake between control cells and gramicidin-treated cells at 75 min was taken to represent that uptake of TPMP+ due to the membrane potential and not to nonspecific absorption. By using an intracellular volume for human PMN of 3.97 ,Ml/mg of protein, it was possible to calculate the ratio of TPMP+in/TPMP+.ut. Insertion of this ratio into the Nernst The distribution ratio of TPMP+ between the inside and the outside of the cell was sensitive to the ionic composition of the buffer. Replacement of all Na+ in the buffer with K+ lowered the ratio of TPMP+i/TPMP+out (Fig. 1B) . This indicates that the resting potential is substantially dependent on the potassium gradient across the cell membrane, although gramicidin was capable of further depolarizing the cells.
The lipophilic anion tetraphenyl boron has been used in some systems to stimulate the uptake of TPMP+ (8, 12) . We were able to show an increased uptake of TPMP+ into leukocytes with increasing concentrations of tetraphenyl boron. This uptake of TPMP+, however, was not reversible by the addition of gramicidin, so that it cannot be considered as specifically due to the membrane potential. Therefore, all experiments reported here were carried out without tetraphenyl boron.
Effect of Surface Stimuli on Superoxide Generation. The time course of Con A-stimulated superoxide generation was measured by continuous assay (Fig. 2 ). An initial lag period of 42 sec, during which no cytochrome c was reduced, was followed by a period of accelerating reduction. After 2 min, the rate of cytochrome c reduction was linear with time up to 5 min. In the absence of Con A, no superoxide generation was recorded. The addition of 20 mM a-methyl-D-mannoside also abolished the stimulating activity of Con A. Ab/Ag also stimulated the generation of superoxide anion by human PMNs. The latent period for Ab/Ag stimulation was 30 sec, and the per mg of protein 5 sec after Con A addition, n = 5). This rapid hyperpolarization of the PMN, which peaked at 2 min, was followed by a small depolarization and finally by a prolonged hyperpolarization (Fig. 3A) . Addition of 20 mM a-methyl-D-mannoside with Con A effectively blocked the membrane potential changes. Because all measurements of O2*-generation were carried out in the presence of 5 ,g of cytochalasin B, the effect of this agent on membrane potential changes was also determined (Fig. SB) . Preincubation for 10 min with cytochalasin B provoked a marked hyperpolarization of the cells that gradually declined with time. On addition of Con A, the same triphasic response in membrane potential was seen, except that the initial peak occurred at 30 sec instead of 2 min.
Addition of the insoluble immune complex to resting PMNs (Fig. 3C ) gave rise to a triphasic response, similar to that seen with Con A. The initial peak ( Proc. Natl. Acad. Sci. USA 75 (1978) sec for Con A). Preincubation of the PMNs with cytochalasin B increased the initial phase of the TPMP uptake response curve, but essentially the same triphasic response was observed as with cells not so treated (Fig. 3D) .
Role of Divalent Cations in Superoxide Generation. The dependence of O2-generation upon divalent cations was studied. Omission of both Ca2+ and Mg2+ from the incubation medium resulted in a profound depression in 02*-production (Fig. 4) . Addition of Mg/EGTA to the complete medium (in order to remove Ca2+ but still leave Mg2+ available) gave rise to less°2*-generation than did the complete system but more than did the divalent cation-free system. Incubation in a medium containing Mg2+ but not Ca2+ gave essentially the same activity as the Mg2+/EGTA system (not shown). Omission of Mg2+ in the presence of Ca2+ led to enhanced 02--production. This interplay of Mg2+ and Ca2+ resembles cation requirements for neurotransmitter release (21) (24) , -14.5 mV for human macrophages (7), -29.3 mV for adrenal chromaffin cells (4), -68.5 mV for parotid acinar cells (2), and -39.2 mV for pancreatic acinar cells (4). The membrane potential was largely dependent on the potassium gradient between the inside and outside of the cells. The small effect of the proton uncoupling agent carbonyl cyanide-m-chlorophenyl hydrazone on the resting potential indicates that a proton gradient is not a major factor in determining the resting membrane potential. Dunham et al. (25) experimentally determined intracellular potassium and, from the ratio Kin/Kout, calculated the A41. The value thus obtained was -87 mV, which decreased to -68 mV after correction for ionic fluxes; both values are higher than the value determined by TPMP+ distribution. The potassium gradient across PMN membranes is similar to that in nerve and muscle cells (26) , whereas the measurable membrane potential is much lower. Williams (26) has suggested that, although the origin of membrane potential is the same in excitable and nonexcitable cells, their relative ionic permeabilities must differ. (27) have demonstrated a large efflux of potassium after the interaction of chemotactic peptides with cytochalasin B-treated rabbit peritoneal PMNs but not in normal cells exposed to chemotactic factor (30) . Indeed, Con A provoked a rapid K+ efflux from Ehrlich ascites tumor cells (31) and lymphocytes (32) . Hyperpolarization of PMNs after surface stimulation could equally well be due to an increase in Cl-permeability, as proposed for thyroid cells responding to thyrotropin (10) . Finally, decrements in PNa+/PK+ would also lead to increments in AA (see above) such that the measured Ai/, would rise toward the potassium equilibrium potential. Such decrements have been suggested by Zierler (33) for the hyperpolarization induced by insulin in muscle and adipose tissue.
Dissociation between AA and O°--: Effects of Calcium and Steroids. The time course of superoxide generation was compared with AO changes in order to determine whether AO could be acting as a primary signal for the subsequent metabolic burst and degranulation. The initial A4' changes are immediate (<5 sec) and complete in <1 min for cytochalasin B-treated cells. In contrast, 02 -generation has a lag period of 30 sec (Ab/Ag stimulation) or 42 sec (Con A stimulation) and was incremental to 5 min. It can therefore be concluded that the initial hyperpolarization is not a consequence of 02 -generation but, conversely, that the .4 change may be involved in the signalling process consequent to receptor-ligand interaction.
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